The high-density five dimensional data storage with ultrafast laser writing is demonstrated. The text file is recorded by polarization controlled self-assembled form birefringence and retrieved in glass opening the era of unlimited lifetime data storage.
The idea of the optical memory based on femtosecond laser writing in the bulk of transparent material was first proposed in 1996 [1, 2] . More recently self-assembled nanogratings produced by ultrafast laser writing in glass were proposed for the polarization multiplexed optical memory, where the information encoding would be realized by means of two birefringence parameters, i.e. the slow axis orientation (4th dimension) and strength of retardance (5th dimension), in addition to three spatial coordinates [3, 4] . The slow axis orientation and the retardance can be controlled by polarization and intensity of the incident beam respectively [5] . The unprecedented parameters including 360 TB/disc data capacity, thermal stability up to 1000°C and practically unlimited lifetime [6, 7] . However the implementation of digital data storage, which is a crucial step towards the real world applications, has not been demonstrated by ultrafast laser writing. Here we successfully recorded and retrieved a digital copy of the text file in 5D using polarization controlled selfassembled ultrafast laser nanostructuring in silica glass.
The experiments were performed with a femtosecond laser system Pharos (Light Conversion Ltd.) operating at 1030 nm and delivering 8 µJ pulses of 280 fs at 200 kHz repetition rate. The intensity distribution at the focal plane was modulated via a spatial light modulator (SLM), which split the incident light into 256 beams. The hologram generated on the SLM was reimaged via a 4-f optical system on the back pupil of the objective ( Fig. 1 (a) ). In addition, a half-wave plate matrix, imprinted by the laser nanostructuring of fused silica, was added to the 4-f optical system for the motion free polarization control. The laser beam was focused with a 1.2 NA water immersion microscope objective at the depth of 140 µm below the surface of the silica glass sample mounted on a three-axial translation stage (ABL1000, Aerotech Ltd.). The combination of the SLM and a half-wave plate matrix allowed the removal of relatively slow rotating and moving components for retardance and slow axis orientation control ( Fig. 1 (a) ). An adapted weighted Gerchberg-Saxton algorithm was used to set the split beam energy at several levels at the back focal plane of the objective [3] . Combined with a phase distribution of Fresnel lens, various levels of intensity at different depths of the focal plane could be achieved. The polarization direction was controlled by the half-wave plates matrix ( Fig. 1 (b) ), where beams passing through the selected segment can generate the targeted polarization state.
For the demonstration of this technology, the copy of this abstract was recorded into two different levels of retardance (1 bit) and four slow axis orientations (2 bits). As a result each laser imprinted spot stores 3 bits of information. The digital copy of the recoded text was divided into the matrix in three planes written at different depth with the distance of 5 µm between the planes (Fig. 2 (a) ).
The read-out of the recorded text file was achieved by a BX51 (Olympus Inc.) optical microscope based quantitative birefringence measurement system (CRi Abrio). Both the slow axis and retardance distributions of the birefringent spot array were successfully retrieved after each sequence (Fig. 2 (b) ). In conclusion, we experimentally demonstrated the recording and read-out processes of 5D optical data by femtosecond laser writing. The data recording was significantly simplified by replacing the conventional control of the writing beam energy and polarization with a spatial light modulator and a specially designed laser imprinted half-wave plate matrix. This demonstration is a crucial step towards commercialization of ultrafast laser based optical data storage.
